INTRODUCTION
The objective of this study is to simulate the data for an Air Force system which is subject to very high amounts of random censoring. The system under study is currently operating in the field and a relatively large amount of operational data is available (n =2500+ observations). Approximately 80% of the available data is right censored. In this study we want to explore a variety of techniques for accurately estimating the survival function from censored data as well as to determine optimal age replacement strategies for the system. In order to quantify the error and determine the adequacy of a proposed technique a simulation study is performed. A series system of four components each having a continuous increasing failure rate (IFR) is modeled. The life distributions for the four components in this study are Weibull with increasing failure rates. These distributions are chosen to approximate those of the actual system. A sample size of size n = 2500 is used in each simulation. The proportions of random censoring examined in this study are approximately 70%, 80%, and 90%.
An exponential distribution is used to model the censoring distribution. The amount of random censoring is controlled by varying the mean of this exponential distribution. Each of the three proportions of censoring are analyzed by looking at survival curves based on the KME, PEXE, and MLE estimates and TTT-plots constructed from the KME and the PEXE. TTT-plots are then used to determine the optimal replacement time. Each of these replacement times are compared with the true optimal replacement time. Analysis is performed on the system as a whole as well as on individual components.
THE KAPLAN-MEIER ESTIMATOR
Often in life testing it is not possible to observe the failure time of every item on test. The items for which the exact failure time cannot be observed are said to be censored. If all that is known about the censored item is the amount of time that it was observed to be functioning, then the item is right censored. Consider n items placed on test at time t = 0 and observed until failure or withdrawal. Order the observed failure and censor times so that 0 5 tl 5 t2< ... 5 t,. The Kaplan-Meier estimator (KME) of the survivor function R(t) is well known and is defined by where j runs through the positive integers for which t , I t and t, are observed failure times. Notice that this formulation regards x,,, as an observed failure time, even if this may not be the case (Ref. 10 A set of n new items are placed on test at time t = 0 and observed until failure or withdrawal, whichever occurs first. Let x represent observed failure times, w represent withdrawal times, and k be the number of withdrawals between consecutive observed failures. Since both the failure distribution of the item and the censoring distribution are assumed to be continuous distributions, no ties will be considered. Thus, The development and rationale for the PEXE are as follows. Based on prior data from the system that was simulated, a Weibull distribution with shape parameter p = 1.5 was used in this application.
THE SCALED TTT-TRANSFORM
The TTT-transform was first used for model identification purposes by Barlow and Campo in 1975 (Ref. 1 ) . First, assume that F(t) is a strictly increasing life distribution function with finite mean, p. The TTT-transform of F(t) is defined as
The scaled TTT-transform is obtained by dividing by p, TTT- 10,ll) have investigated the use of the TTT-plot, including a study on optimal replacement time, with up to 60% censored data constructed from both the KME and the PEXE.
For randomly censored data, a TTT-plot can be constructed using the KME by letting In order to construct a TTT-plot from the PEXE, an estimate for the survivor function must be made for t > x, . Westberg and Klefsjo (Ref. 10) suggest using a Weibull distribution with shape parameter = 2 if there is any indication that the data are from an IFR distribution and a scale parameter given by:
Kaplan and Meier (Ref. 7) show the KME to be a strongly consistent estimator of the underlying distribution function. Therefore, the TTT-plot based on the KME converges to the scaled TTT-transform qF(v) as n approaches infinity. fashion by letting v6) = 1 -kPEXE(xI ) i = 1, 2, ..., m, and inserting the piecewise exponential survivor function into the TTT-transform as follows
The TTT-plot based on the PEXE is constructed in a similar 
If the last observed time does correspond to a failure, then plot the coordinates are given by: The reliability function for this series system of independent components is given by the product of the reliability functions of each component and is given below.
5.0 OPTIMAL REPLACEMENT TIME Bergman (Ref. 2) pioneered the use of the TTT-plot for estimating optimal replacement time. The general idea is to use the optimal replacement time to formulate a maintenance strategy in which the component is returned to "as good as new" condition upon failure or at the optimal replacement time, whichever occurs first.
Using censored samples, Westberg and Klefsjo (Ref. 10) compared the optimal replacement times obtained from the TTT-plot based on the KME to the times obtained from the TTT-plot constructed from the PEXE. They concluded in the study that the PEXE method performed at least as well as the KME method, especially when censoring was heavy.
Let c + K be the total cost to replace an item that has failed and c be the cost of a planned replacement when the item has reached a certain age to. Essentially, c is the cost of replacing the item and K is an additional cost or consequence that is incurred by the failure of the item. In order to minimize the Suppose this system is subject to random censoring generated by an exponential distribution with parameter q defined by the distribution function 
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The PEXE and the KME are compared by examining the mean and standard deviation of the area between the TTT-plot constructed using each method and the true TTT-transform.
Further, the mean and standard deviation of the difference between the optimal replacement time given by each method to the true optimal replacement time is found. Individual component analysis as well as system level analysis is examined for each degree of censoring.
In the tables below, the mean and standard deviation of the area between the TTT-plot and the TTT-transform are displayed for the system as well as for the components for the three different censoring levels. A negative mean in the tables above indicates that the TTTplot underestimated the true TTT-transform while positive means resulted from cases where the TTT-plot overestimated the TTT-transform. The KME TTT-plot overestimated the TTT-transform in all cases, on the average, whereas the PEXE TTT-plot underestimated in about half the cases and overestimated in the other half. Both the mean and standard deviation of the difference in the area under the TTT-plot versus the TTT-transform are smaller for the PEXE in all cases except for the 70% censoring case at the system level, which is shown graphically in Figure 2 . Additionally, in the Monte Carlo simulation, the optimal replacement time is obtained from the KME TTT-plot and the PEXE TTT-plot for values of c/K set at 0.10, 0.25, and 0.50 at each of the three levels of censoring considered. The estimated optimal replacement time is then compared to the true optimal replacement time obtained from the TTTtransform. The mean differences in optimal replacement times are tabled below for the system and component 1 of the system. A negative mean difference indicates that the estimated optimal replacement time is less than the true optimal replacement time, on the average. Graphical illustrations of the system TTT-plots used to find the optimal replacement time for 70% censoring are shown in Figures 3,4 , and 5 
tables above is that the PEXE and the KME are missing the true optimal replacement time in the same way for each case examined. At the system level, both methods overestimate the true optimal replacement time when c/K = 0.10 and both underestimate the true optimal replacement time when c/K = 0.50. Results are somewhat mixed as to which method provides a better overall estimate of the true optimal replacement time for the overall system. However, at the component level both methods underestimate the true optimal replacement time in every instance for all four components. As seen in the table above for component 1, the amount of underestimation increases as the proportion of censoring increases and as the ratio c/K increases. This trend is present in the analysis of all four components. Furthermore, the optimal replacement time determined from the PEXE TTT-plot is always closer to the true optimal replacement time than the optimal replacement time determined from the KME TTT-plot.
CONCLUSIONS
Very high rates of censoring cause the KME, the PEXE, as well as the MLE of the survivor function to significantly underestimate the true survivor function at the component level. This is shown in Figure 6 for component 2 at 70% censoring. This underestimation of the survivor function and consequent overestimation of the hazard rate coincides with the underestimation of the optimal replacement time. In other words, the higher the proportion of censoring, the greater the errors (on the low side) in estimating optimal replacement time. This means that preventive maintenance is recommended by the estimation methods above much sooner than is necessary when censoring rates are in the 70% to 90% range. relatively good estimate of the true survivor curve at the system level for each degree of censoring. An example is shown in Figure 7 for the 70% censoring case. This is commensurate with the result that the error in estimating the optimal replacement time for the system is really not significantly large for either the PEXE or the KME method. Further studies will examine the trade-offs in using system level vs. component level data to make maintenance decisions for highly censored samples. 
